Essential oils of the air-dried aerial parts of five populations of Thymus migricus Klokov & Desj.-Shost. collected from northwest Iran were obtained by hydrodistillation with yield of 1.1 -3.3% (w/w). The essential oils were analyzed by a combination of GC-FID and GC-MS techniques, to check for chemical variability. According to populations, twenty-nine components, representing 97.3 -99.3% of the total components, were identified. Oxygenated monoterpenes were the main group of constituents in all samples (65.2 -78.5%). Thymol (46.6 -72.5%), γ-terpinene (6.2 -16.7%), p-cymene (4.0 -6.5%), n-hexadecanol (0.4 -6.5%), geraniol (0.5 -4.7%), limonene (0.0 -3.5%) and carvacrol (0.5 -3.4%) represented the major compounds. Two chemotypes were identified: thymol and thymol/linalool. In addition, canonical correlation analysis between some essential oil characters and some environmental factors revealed a significant relationship between oil components and environmental factors. The influence of environmental factors over p-cymene, γ-terpinene, linalool and thymol was evident. Essential oil yield was fairly strongly related to the concentrations of Ca 2+ and K + , percentage of organic matter, altitude, temperature, and soil texture.
The genus Thymus L. (Lamiaceae, subfamily Nepetoidae) consists of about 215 species of herbaceous perennials and subshrubs. The Mediterranean region is the center of the genus [1] . Chemical polymorphism of essential oils is characteristic of species of Thymus. It is supposed that environmental abiotic factors (temperature, moisture, chemical composition of soil) influence chemical polymorphism of Thymus species and chemical composition of cenopopulations through the course of time [2] .
Either the whole thyme plant or its essential oil or specific components of the oil are used in medicine because of their antiseptic properties, in the cosmetic industry, and as a food additive for their organoleptic properties [3] . In Iranian traditional medicine, infusions and decoctions of aerial parts of Thymus species are used as a tonic, carminative, digestive, antispasmodic, anti-inflammatory, antitussive, expectorant and for the treatment of colds [4, 5] .
This genus is represented in the Iranian flora by 14 species [6] . T. migricus Klokov & Desj.-Shost. is a perennial herb, with pinkish flowers that belongs to the section Kotschyii. It is an endemic species of dry mountain slopes of the Flora Iranica area and occurs in Iran, Turkey and Armenia [6, 7] . It is commonly used for herbal tea, as a flavoring agent (condiment and spice), and medicinal plant among local people in northwest Iran.
Chemical polymorphism in some Thymus species has been studied previously. Four chemotypes of essential oils were characterized for T. casepititius growing on the island of S. Jorge (Azores): α-terpineol, carvacrol, thymol, and sabinene [8] . Study of the influence of environmental and genetic factors on the stability of the essential oil composition of T. pulegioides showed five chemotypes: geraniol /geranial/neral, thymol, linalool, carvacrol/γ-terpinene/p-cymene and thymol/carvacrol/ γ-terpinene/p-cymene and that a sudden change of environmental conditions can affect the essential oil compositions [2] . Two different chemotypes (1,8-cineole and linalool) of Catalan T. vulgaris have been characterized in samples from different altitudes [3] . A previous report on the essential oils of T. migricus from Turkey indicates that carvacrol, thymol and linalool are the main components, in decreasing order of abundance. It was found that plants from different localities accumulated different amounts of essential oils and volatile constituents [9] .
The present study explores the composition of essential oils in wild T. migricus populations in northwest Iran. Because of different climates in the five sampling locations, the influence of genetic, climatic and/or edaphic factors on the yield and composition of the essential oil has been observed.
In Iran T. migricus grows on southern slopes and soils with different textures, such as sandy loam, sandy clay loam and clay. It occurs from 736 m to 1900 m above sea level. Temperature and precipitation variations in studied sites are given in Table 1 . The southern slopes are in full sunlight and this causes increased growth and essential oil accumulation because the quality of incident light of different wavelengths modulates essential oil biogenesis. Light is responsible for the increasing concentration of monoterpenes and phenyl propanes in some genera of Lamiaceae [10] . Weather parameters such as atmospheric temperature and rainfall have been reported to influence oil content and composition in several aromatic plants [10, 11] .
Soil analysis revealed that T. migricus grows on habitats with a basic soil reaction (pH 7.9 -8.1). Growth in soils of variable acidity (from strongly acid to basic) has been reported for some species of Thymus [1, 12] . Total soil nitrogen in 'Jolfa', 'Ghushchi' and 'Nazloo', is 2-4 times higher than in 'Heris' and 'Band', especially 'Heris' ( Table 2) . This difference might be explained by the way in which nitrate concentration depends considerably on climatic factors, especially on temperature and precipitation. During warm and dry periods, due to high evapotranspiration, nitrates rise and subsequently accumulate in the upper soil regions [12] . In our case, the 'Jolfa' and 'Nazloo' sites have the highest average annual temperature and 'Ghushchi' the lowest precipitation (Table 1) . Nitrogen concentrations positively affected essential oil yields, a finding with which others agree [11, 13] .
It seems that T. migricus can tolerate both low and high contents of potassium and calcium ions ( Table 2 ). The content of available phosphorus is very low in all habitats (≤ 20.2 mg kg -1 ). Therefore, in relation to the above mentioned soil characteristics and also with respect to the electrical conductivity and organic matter contents of the soil, T. migricus shows a wide range of occurrence.
The hydrodistilled oils from the dried aerial parts of T. migricus were found to be yellow liquids with a distinct sharp odor and total yields of 1.1 -3.3% (w/w), based on dry weights. The mean oil yields are summarized in Table 3 . The specimen from 'Jolfa' had the highest oil yields, and much higher than those reported for T. migricus from Turkey (0.29 -1.5%) [9] .
The general chemical profiles of the tested oils, the percentage content of the individual components and retention indices are summarized in Table 3 . The components are listed in order of their elution from the DB-5 column. Twenty-nine components were identified in T. migricus oils, amounting to a total percentage of 97.3 -99.3%. Oxygenated monoterpenes were the main group of constituents in all samples (65.2 -78.5%), with thymol (46.6 -72.5%) the major component in all samples. Other important components were γ-terpinene (6.2 -16.7%), p-cymene (4.0 -6.5%), n-hexadecanol (0.4 -6.5%), geraniol (0.5 -4.7%), limonene (0.0 -3.5%), and carvacrol (0.5 -3.4%). However, Baser et al. reported thymol (34 -44%) and carvacrol (36.3%) as the main constituents of T. migricus oil from two different regions in Turkey [9] .
Comparison of the results obtained in this study with those from Turkey revealed that the oil content of one Iranian sample ('Jolfa') was much higher than that in the Turkish samples. Baser et al. also reported that thymol and carvacrol were two major components in Turkish samples, while the amount of carvacrol in Iranian samples was low and constituted 0.5 -3.4% of the total oils [9] . Differences in the composition of the oil found in the Iranian and Turkish specimens of T. migricus could be due to either environmental or genetic factors.
The results obtained from the essential oil analysis of the different populations allowed us to identify two different chemotypes: І. thymol and ІІ. thymol/linalool (Table 3) . Chemotype І was characterized by a high RI, retention indices relative to C 6 -C 24 n-alkanes on the DB-5 column.
revealed that γ-terpinene, linalool and thymol with positive effects, and essential oil yield with negative effect had higher proportions to establish this canonical variable ( Table 5 ). The contents of this coefficient in the second canonical variable related to environmental factors showed that percentages of organic matter and altitude with positive effects and the concentration of phosphorus with negative effect had more proportions to form related canonical variable. The coefficients of the third canonical variable had similar structure to the second canonical variable. However, the contents of them were higher than previous and the contents of γterpinene and essential oil yield had lower proportions. Furthermore, the concentration of potassium from environmental factors had a higher negative proportion in this canonical variable. In the fourth canonical variable, all the chemical attributes, except the content of essential oil, had positive and higher proportions.
On the other hand, the percentage of sand with negative effect, and temperature and altitude with positive effects About loadings of structural correlations, contents more than 0.4 and less than -0.4 were used to discuss the results [19] . In fact, the loadings of structural correlations between chemical characters and environmental factors showed that the content of pcymene was positively correlated with the concentrations of Ca 2+ and K + , the percentages of sand and organic matter, and temperature. There was a negative correlation with percentages of silt and clay. The content of γ-terpinene correlated positively with the concentration of phosphorus, the percentage of sand, and altitude, but temperature, and percentages of silt and clay had negative correlations with it.
The content of linalool was positively correlated with the percentages of silt and clay, and negatively with the concentrations of Ca 2+ , K + and phosphorus, the percentages of sand and organic matter, and temperature. Thymol content was positively correlated with the concentrations of Ca 2+ and K + , the percentages of organic matter and sand, and temperature. It also negatively correlated with the percentages of silt and clay, and altitude. Although Hannover provides evidence that terpene chemotypes are strongly controlled by genetic factors, he also reported instances of environmental variation in terpene expression under extreme habitat conditions [20] . Meanwhile, Barra reported that exogenous factors, over a long period, might affect some of the genes responsible for volatiles formation [10] . The influence of environmental factors on the chemical composition of essential oils has also been reported in the Asteraceae [21, 22] , and is well known for Lamiaceae [2, 23] .
Essential oil content was positively correlated with the concentrations of Ca 2+ and K + , percentages of sand and organic matter, and temperature, and negatively correlated with percentages of silt and clay, and altitude ( Table 5 ). The highest oil yield was obtained from 'Jolfa', which is situated at the lowest altitude (736 m), had the highest average annual temperature (14.6°C) (Table 1) , and its soil had the highest electrical conductivity (1.07 dS/m) of all the collection sites ( Table 2) .
The soil at 'Nazloo' had the highest concentrations of Ca 2+ and K + , and the percentage of organic matter among the various habitats, those of 'Jolfa' being only slightly lower. The oil yield of the plants from 'Nazloo' was the second highest. These environmental factors might have had an affect on the activation of secondary pathways in the plants producing the high amount of oil in the 'Jolfa' and 'Nazloo' specimens. By contrast, the lowest oil yield belonged to plants from 'Heris', which had the highest altitude (1900 m) and highest annual precipitation (263 mm), but the lowest average annual temperature (11.2 °C) of the collection sites. There was also low electrical conductivity (0.47 dS/m) in the soil of 'Heris'. It is interesting to note that the oil yields obtained from the 'Band' and 'Ghushchi' populations are close to each other despite the differences in the climate and soil texture. The results of the effect of altitude on oil yield are not in agreement with those of Torras et al., in which it was reported that increased altitude caused a marked decreased in essential oil yield of T. vulgaris [3] . It was earlier reported for Origanum vulgare ssp. hirtum that Ca 2+ applications increased the oil yield [24] . Cristina Figueiredo et al. described low Ca 2+ levels as depressing growth and decreasing oil yield [25] . The same authors also mentioned that there is an obvious decrease in volatile oil production during the low temperature.
To summarize the above results and discussion, T. migricus growing in different soil textures and from different altitudes in Iran showed a high polymorphism in essential oil contents. This appeared to be influenced by the soil conditions, bioclimatic factors and altitude. However, essential oil variation could also indicate a high level of genetic diversity within and among environmental factors, because essential oils are considered to be highly heritable traits [26] . In spite of the correlations obtained for the five essential oil characters and some environmental factors, this study needs to be deepened by isozyme and molecular population polymorphism analysis to understand more about the relationship between environmental factors, essential oil variation and genetic diversity in T. migricus populations.
Experimental
Plant materials: Aerial parts of T. migricus, collected at the flowering stage from 5 natural habitats (30 individual plants/population), were dried at room temperature and stored inside paper bags in a dark place until analysis. Information about the plant material is given in Table 1 . The plants were identified using Flora Iranica [6] . Voucher specimens are kept at 
Extraction of essential oil:
The essential oils of airdried samples (100 g) were extracted by hydrodistillation for 3 h with 3 replications for each sample, using a Clevenger-type apparatus according to the method recommended in the British Pharmacopoeia [27] . The oils were dried over anhydrous sodium sulfate and kept in tightly closed dark vials at 4°C until analysis.
GC-FID and GC-MS analysis:
GC analyses were performed using a Shimadzu GC-9A gas chromatograph equipped with a DB-5 fused silica column (30 m × 0.25 mm i.d., film thickness 0.25 μm). Oven temperature was started at 60°C and then programmed to 210°C at a rate of 3°C/min and finally the temperature was increased from 210°C to 240°C at a rate of 20°C/min and was held at this temperature for 8.5 min. Detector (FID) temperature was 280°C and injector temperature 300°C; helium was the carrier gas. GC-MS analyses were carried out on a Varian 3400 GC-MS system equipped with a DB-5 fused silica column (30 m × 0.25 mm i.d., film thickness 0.25 μm); oven temperature was the same as that used in GC. Injector temperature was adjusted to 10°C higher than final temperature. Carrier gas was helium with a liner velocity of 31.5 cm/s; ionization energy 70 eV, mass range 40-300 a.m.u. 
Identification of components:

Statistical analysis:
The percentage composition of the essential oil samples was determined to discover the chemotypes of T. migricus. Oil yield and those essential oil components that were most significant in determining the chemotypes [linalool, thymol and its precursors (p-cymene + γ-terpinene)] and some environmental factor relationships were analyzed by a canonical correlation analysis implemented using the SAS CANCORR procedure. Determining the number of canonical variates and choosing the appropriate canonical correlations were achieved by adjusted canonical correlation and Wilks' lambda test. The predictive ability was evaluated by canonical redundancy analysis with a standardized variance coefficient. 
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